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The "extraenuoloar" properties of the nucleus are discussed and 
the importance of accurate measurerents of these properties in test- 
ing future nuclear theories e printed out. The vorioug methods used 
to measure one of these properties, the meolear magnotic moment, are 
described, 

Nuclear magnetice moments /^. of Nitrogen”, Chlorine?! and 
Indium’ 29 were measured by means of a casnetio resonance spectrozater 
of the guper-reronerative type. Improvements of the modulation 
methods and of the magnetic field homerenelty of the spectrometer 
previously employed ara discussed. 


The values obtained for tha various Pr wore 


j^ QU) (0,40561 $ 0.00002) Ms 
f (oT) (0.685722 £ 04000042) ys ond 


(int) (5.50915 $ 0.00015) میس‎ 


These results are observed to compare satisfectorily with those 
previously obtained by investipators at Stanford using another type 
of moenetic resonance spectromter. Resulta obtained by those 


113 115 


methoda in the cases of In ^^ and In are geen not to agree with 


those obtained hy the atomic bean method. an explanation offered 


19387 





by Foley for thin lack of agreement io sumarized. 

The results are further compared with those predicted by the 
Schmidt equations and by using in these sare equations the value of 
the angular momenta of the odd proton for 12و‎ and In obtained 
from nuclear shell theory. A discussion of the relationships between 
/٣ ې‎ and the muclear quadrupole moment Q is also given with the conelu- 
sion beins reached that to date no theory hes yet been successful in 


establishing any important relationships betwsen these two quantities. 
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Is ILiTRCDUOTION 


The present status of tho thoory of tho atorio mucleus is roughly 
comparable to that of the extra=-nuclear atom circa 1912, by which time 
a mos of spectroscopic and x-ray data had been assembled and a number 
of empirical relationships established, yet a satisfactory model of 
the electronic configuration had not been proposed. However, within 
the ensuing few decades this wealth of date sufficed to produce first 
the Bohr model of tho hydrogen atom and later the Lande vector 9601, 
the concept of closed electronic shells and the introduction of elec- 
tron and nuclear spins, all of which contributed greatly to the expla- 
nation in classical or semi-classical concepts of a creat many of the 
phenomens observed involving bound electrons, The later of these 
developments were rere or less paralleled by de Broglie's proposal of 
the wave nature of matter in 1925 and the development of matrix mech- 
anics and wave mechanics by Neisenberg and Schroedinger, reapectively, 
within the following one or tw years. 

The status of the theory of tho muolear atom is today quite sim- 
iler to the above situation. The data ansembled by & host of experi- 
menters in recent ycars relative to nuclear encrpy levels has, partic- 
ularly with the aid of wave mechanics, onabled physicists to offer a 
certaln nurber of fairly plausible explanations of basis miclear phe- 
nomena. Cven 80, many other basic phenomena are not yet adequate ly 
explained and no theory yet proposed appears to hold forth very proat 
expectations. ne of the new attempts to systeratice the prediction 
of nuclear propertics is the fairly recently proposed thaory of closed 
shells in miclei, but this theory es yet has produced certainly no 
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more than a limited mımber of satisfactory predictions of ۵۲ 
properties, 

One of the great handicaps suffered by the nuclear physicist is 
the difficulty he encounters in trying to obtain accurate data per- 
taining to melear energy levels, Fairly precise measurement of alpha 
particle energies ia difficult, but really accurate measurement of 
beta particle, gara ray, and neutron energies presents even greater 
problems, whereas the measurement of many of the lower energy phenor= 
en& is now, perhaps, impossible. Indeed, in many cases the experi- 
menter ia greatly handicapped by not being able to identify accurately 
the عتم‎ 11046 from whieh phenomena involving radioactivity originate. 

in contrast to this general cloud of lesa than roderate accu=- 
racy which surrounds quantitative measurements of miclear phenomem, 
there aro certain observable quantities of the micleus referred to 
frequently es "oxitra-nuclear properties" which are capable of being 
measured with remarkable precision using techniques now available, 
These are the properties of nuclear chargs, nuclear mass, nuclear 
apin, miclear magnetic moment and, to a less accurate decree of meas- 
uremont, the miclear quadrupole moment. The nuclear charge for those 
elements occurring naturally on earth has already bean completely 
determined in terms of the clectronic charge. I+ my reasonably be 
expected that any satisfactory theory of tho nucleus mist account 
adequately and accurately for all of those extra-nucloar properties 
as a first test because of the superior accuracy of data asserbled or 


being asserbled relative to these properties. 
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(a) Juolozr ' ags 


Abaclute veasurerents of nuclear masees are nov limited by tha — 
obtained acaurate to one cart in fifteen thousend in the eane of 
liens atoms end to one cart in ten bousand for atom of -re"tor vaso 
rusher, + Thie seeurney ia مق‎ ٣ وله‎ to mensure mse charres tn all 





1e Malliday, D. intgoduoiory foleer [Iugios. New Yors: Jotn Wiley 
& Moma, 1950, p. 200. 

bat very low energy releer reactions involvinr enloalon ol gora rayo. 
By the use of Zinstein'’s formula for the equívalenes of raso end ener 
one can from resa apectrosrachie deve ovtaim the cntrsgice involved in 
a great mimbar of misleer reactions. © 


(b) Maslear او(‎ 


Muelear prán mas firat or pesed by امه‎ in 1924 to explain 
hyperfine stractures (axcludin: £aotople offeet) by ancumine thet the 
rueleug posscaead a magnetic moeni whioh perturbad the eotion of the 
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an inherent svin® of t (hasa it beoone ovidout 'U^'* mela? sin 
might inêesd ecslain oertain  yoerf'ne ووم رموس ام‎  Jaine 5"e concept 
of space quantisation of the meloar arin vester tocether wit! the 
veotor undel of the extresmolear ntos ono could esesrinin ‘hat tre 
inhorend wart of bw meler encular سر مہ‎ niht bo dotor ined 
merely from the minber of hyperfine components in a ersatral lino, 
Thia inherent or oin aorules sonentun o£ the micleus is riven by 
L(g) , mero 1 to eatted tie “meloer extn" oni has sero, ine 
tarral or Mbif=intepral wales, For a riven musleus in the zrouné 
stete I hes a fired velue,* | 

Another method of deter-ining nuclear sping le af ONA by ote 
pervinc the ootioal ooectra of dintorda molequles eortaining identi- 
onl molei, for in sigh apeo*ra t cre ig an alternation of intensity 
in the band soecten in tie petis of (14/01). Thus the roacwrenont 
Of relative intensity of e'ternstc tines in bemi sneotfn دب‎ cortaln 
A@intomie rolesules een be used to detom-ins nüclost sin. تت‎ 

The !nveot'cntion ef maslear opine has Perealed that وتام د‎ of the 
@leveritery micloer "rrticies, "waütrons enm? sr-tone, in 2% ground 
Stato eve onin armular remartum valııa oT 4 (& e Plorthermerg the 
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of electrons, but the e-planatícn of the velas o- served for the map 
notic wmomt of the sodmninr eleetron ic expielincd at the present uniy 
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By analogy with trat of the electron it nicht appear that the 
magnetic ronment of the proton due to ita epin should be Joc دیع‎ 
whero V 1s the maps of the proton and Je, the opin anculer noventa. 
If this predtetion were eorrest the oroten would have a ragnuetic 
moment roughly one two-tbousnndih that ef tne sisetren, ainas both 
particles hava epin z( X in tie ground state, Although t io anale 
ogy is not borne aut by exreriment, 4t le nevert.sless convenient to 
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deuteron, a differance of 0.02250, which may be considered precise 
to 0.5%. Thus the last equation ia not true. Theoretical explanations 
for this difference have boen offered but the problem can by no means 
be considered completely solved. or bae any &cceptable theoretical 
justification yet been proposed for the values obtained by experiment 
for the magnetic moments of the proton and the neutron nor for any 
compound nucleus wnen its spin ia other than zero. For most nuclei 
with higher mass numbers and non-zero spin it is usually impossible to 
predict even approximately the magnitudes of their ragnetic momenta. 
Present techniques for measuring relative magnetic moments of 
nuclei commonly give an accuracy of five or six significant figures. 
This acouracy of measurement is rivaled only by those made with the 
mass spectrograph, 80 1t is hoped that nuclear marnetio moment deter- 
minations may in the future prove to be of as great or greater value 
in the formulation of muclear theory as relative mes determinations 


have been in giving to us our present kmowledre of miclear forces. 
(d) Nuclear Quedrupole koment 


The nuclear quadrupole moment is a measure of the extent by 
which the echarse of a nueleus varieca from spherical symmetry. The 
expression for the quadrupole moment ray be obtained briefly in the 
following manners” 
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Se Halliday, .لا‎ Introductory liueloar Physbog. New York: John Wiley 





& Sens, 1950, pp. 59-65. 
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If a point in space is choson as an oririn and from thore a 
straight line is drawn ae a reforence axis, the expression for the 
scalar potential at points along the axis duo to a finite number of 
discrete point charges near the origin can bo ohtained ae a funotion 
of R, the distanes on the axis from the origin. This scalar potential 
$ can always be expressed by means of the serien 


$:oc,R'".c, R^ e RI e RTI ees, 


in which e, is the component of the electrical mıltipole moment of 
order 2-1 for the particular conficuration, origin and direction. 
In the above series the quadrupole term is therefore seen to be repre- 
sented by 2 ۰ 

In miclei the discrete charrfes are protons, and the molear 
center of mss and the axis of ruclear apin are taken as the origin 
ani the reference axis, rospectively. 

If the discrete system of charges is changed to a continuous 
charge distribution of uniform density 4 with center of chargo doma- 
where near the origin, ons obtains as the expreasion for the scalar 


potential the series 
® = 2 || و۶2 + سم 4 د‎ Sadar + R Jf (33-a) S ہد‎ < e 


In this equation "a" is the radial distance of the volume clement, 
dv, from the center of the charge distribution, and z igs the compo- 
nent along the spin axis of the radius vector from the origin to the 
volume element. “he magnitudes of the various order rultipole terms 
give indications of the diatribution of charge about the particuler 


origin and axis of reference. 
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“he dipole term will always be zero for any charge Jistribution 
possessing mirror symmetry about a plane pervendiculer to the axin and 
passing titrough the origin. The dipole Term ia zero for all nuclei. 

Uuglei with zcyo spin have mo preferred saxis, 39 the charge dis- 
tribution is eflectively symmetrie with the result that suelh muclel 
do mov pesaass cuedrupole nouent3. “ave mcuarnios can be used to 
prove that the quadrupole moment ia zero also when the nuclear spin 
has the value one-half." Iianos no maolsus with apin less than unity 
——————————————————— — 
9. Blatt, J.H., and Selsskopf, ToT. Zhaoretical Nuclear Physics. 
New Yori: John Wiley & Sons, 1952, ppe 25-50. 
سس اللا ات‎ 
can possessra quadrupole moment other then zero, For cther meolei, 
a potential function with a necative quadrupole term indicates un 
oblate spheroidal distribution of charge about the axis of spin, whereas 
a potential function with positive quadrupole term indicates a prolate 
spheroidal distrilaition. 


in meclear theory the quadrupole component is defined as 


Q= zs Jea- 2) $ dar. 


SZxperinsntal detorrinations of Q rive values?” ranging from Q = 7.0 x 
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1072" en for دیداور‎ 76 to (-)1.2 x 10 n for g13. 


mt Se- ue Ge m صسه مجه سو سے —— — ہے س س‎ aren -—— —— —— m Dom mm سی ہہ پوه —— ېی مسا مس — — — — — سه‎ eee مت پس سی سه وس وی بپ اب مه‎ eee 





10. Mack, J.E. Reaver hod. Phys. 22, G4 (1950). 
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It hes not yet been possible to deronstrate experimentally any 
conclusive evidence of octupole or higher order electric moments in 


nuclei. 
10 
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II, WETHODS OF M:.ASURING KAGNETIO MOMENTS 
(&) Hyperfine Structure 


Approximate values of nuclear maznetio moments may be determined 


from hyperfine structure in atomic spectra by using a method developed 


11 


by Goudsmit. Since this method involves certain approximations and 
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ll. Goudsmit, 3. Phys. Reve. ^5, 656 (1955). 




















some correction factors which are themnsslves ínaccurstely known, it 
is perhaps the least accurate method for this purpose. The method 
remiins of value even today, however, for not all muolear magnetic 
momenta have yet been determined by more preciso methods. Such is 


the case with the isotopes of silver, ‚for which the only values oo far 
J + 


i | 
obtained are those calculated from hyperfine structure data. 
The hyperfine splitting of an snorgy level with total electronic 


angular momentum (Jh/271) is given by 
SV2 ALS eon (ZS) = $A} Flee) -F(s+)-L(z+ DH 


‚in which I is the muclsar angular oomertum in unite of (n/a) 

P ta the resultant of I and J, and the cosine is e "quantum" cosine. 
The proportionality factor A is equal to the distance between two 

ad jacent hyperfine levele divided by the largest of their F values 
and is given a positive sign when the lergor P valuo belongs to the 
higher energy. A is proportional to the nuclear r—luctor. 


Tor a single non=penetratin: clectron it is customary to write 
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ta" instond of A and tho followine relations Lp holds, 
۱ 2 
For a single outer electron in € penetroting owlit, the expres 


sion for "a" becomes 
- = £^ 18 و‎ 
FEE) GH ۱! 3 ک‎ 


in which m, is the princiral quantus ‘numer, Z, is the effective 





009 ۵ت(‎ charre wen the elco.ren is outside the core electrons, en 
A 7 the average effective nue lear charge when tho electron has pene=- 
trated the corte 

The ordinary srin doubleta for nenea electrons are obtained from 


the formula 
لاح‎ 2 a 
RI — KI ان‎ 


ATI NA 
کشر و یں‎ 1 4 


which, combined wiih the ^revious equation 4 
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After ap lying cortein rela lvi ty corfectlona shown to be necessary by 
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Breit” and by Recah and solving for ar » one obtains for s-electrons 


EJ 
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12, Breit, Ge Ihya. Reve 50, ^55 (1951). 
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24 ۸ 1838 


Zaun — L ب سی‎ 
1 ERI E E, /c C, m 
For none8 electrones, the result 8 


CES‏ و 


12 


ES ر یی‎ oo rn m 0 


— نے‎ — — ed 










9 —S e | — x 
۹ سس ید جم یو‎ 


سر —— یس بے 








“TAS 


مم همر د ته کو مو O‏ 








ag (j 2i) is the rolativity corrəction by which the equation for the 
hyperfine structure must be multiplied, and A(£,2;) is a similar 
correction for the rultiplet separation. They are determined by the 


formulas 


«(, 22» oa rl) 
azs puea Laikas] n- haz TA 


In many-electron spectra the. same electron may be responsible 
for part or all of the interaction which produces the hyperfine split- 
ting of several different levels, If "a" is calculated for this elec- 
tron from the various hyperfine structures and these values turn out 
to be consistent with each other, this agreement of values for "a" 
ie not necessarily sufficient to warrant the assumption that tho 
approximation made in the various formulas above are valid. Only if 
the values of 2r calculated from different electrons of the same 


atom agree should one assume that the approximations involved are 


admissible. 
(b) Molecular Beams 


In the molecular beam method as developed by Rabi and his co- 


14 


workers” at Columbia University for measuring nuclear mepnetic moments, 


14. Rabi. I.I., Millman, 3., Kusch, P., and Zacharias, J. R. 


Phys. Rev. 25, 526 (1959). 


& welloollimeted beam of neutral molecules is passed through the fields 
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of threes ragnets, A, 0 aná B, ino highly ewousted space as shown in 
Figure 1. The source of the molecules is & orall oven © which con- 
tains the appropriate substance and from which molecules with a modi- 
fied Maxwellian speed distribution escape through a small slit. 
These escaping molecules are collimted by additional slits so that 
all molecules entering the field of ragnet Aido so within a very 
oral angle to a line parallel to the length of the pole faces. A 
further defining slit 3 is located botwecn magnets A and O, Ata 
mil distance past the exit from magnet B on the axia defined by 
the collimting slits is a dstector for measuring the intensity of 
the molecular beam, 

The field of magnet A is of the order of 12,000 mouss and is 
vory inhomoreneous (approximately 102 peuss/cm.), the magnet field 
H and the field gradient (dH/dz) in this mamet being in opposite 
directions, 'asnet B is sinilar to A except that it is arranged to 
produce a field li in the same directiomas, but has its gradient oppo- 
Site in direction to that of A. Magnet O, which is between A and B, 
produces a uniform field in the same direction as those of magnets 
A amd E, 4 hairpin loop to which can be anplisd a very weak oscil- 
lating raiio-frequency field at right angles to the magnetice field 
is installed between the pole faces of magnet O, 

In molecular baam experimente one employs molecules ina 2 
state in which the resultant eloctronio angular romentum is zero to 
the first order. It has been calculated that the interactions between 


the muclear mernetic moments in a molecula in a E state and between 


these and the mametic momant associated with molecular rotation involve 
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magnotis Tialda of ths order o? 100 geuas or نند شا ",ووي‎ 
magnetic fields of several thousand gouss will cecouple the miclear 
@pins from each other and also Zromn the mol culer rotation to the 
extent that the nuclear a^ins may be regarded as freee 

À nucleus 5? spin 1 ۱ wren in a marnetico fleld ray asmine ono 
of only Mel different directions with respect to the direction of 
the raruetio field.* In an íinhomopeneous ragnotio field of the type 


y 








"Some of ٩۳۵ bagio concepta ۱ briefly bere will be 
treated in considerable detail in the next section. 
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grown for rante A and D a nucleus with «e3netiío moment experiences 
& resultant force AT ۹ سد‎ is the eomronent of نم‎ in the 
dirsetion of the ficld I’. 

Consider now & molecule which hag entered the ficld of ramet 
A with Just the proper velocity, anin orientation and deviation from 
the dotted axis ohowm in Firure 1 to be deflected do as to pasā 
fhroush elit 8 Into the horo?enesun field of arnet Ce If the nuclear 
pin umerpoes no charpe in @netial quantization while the molecule 
fe paosing throuch the Pell of o, the arrencesant le such Mat tha 
molecule will be deflected tas. tomará the aris junt ox "Iclently to 
defines unon te detector D after o ercins fror tle ficld of the 
third “arrest. 

After operatinr conditiona have been properly adjusted and the 
bear of mleculre inmrinres on the @otector 2, a radio frequency 
90د‎ 11180-21001 ia ep: lied to the مده رب‎ in tha field of wonet Vs 
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Mow, the energy difference Af between adjacent levels resulting 
from the nuclear spin axis changing ite projection in the direction 


of the magnetic field by A MP ا‎ is 


1% therefora eppeara plausibla that the proper application of a 
radio-frequency field of frequency given by کډ ره لړ‎ might produce 
transitions between adjacent levels. Indeed, transitions involving 
reorientation of the nuclear spin vector with respect to the magnetic 
field involving either emission or absorption are induced when the 
frequency of the ret’ oscillations applied to the hairpin loop has 


the resonance value 


Thus when tho proper field strength H exists for the r-f oscillations 
to bo of ihe freguoncy required for resonance, transitions involving 
reorientation of the direction of nuclear spin axes will occur., Fole- 
cules whose nuclei undergo such reorientation of spin axis while 
passing through the field of magnet © will no longer be deflected by 
rasnet B so as to impinge upon the detector but will be deflected so 
as to miss it as shown by the dotted trajectories in Figure l. Thus, 
when the reacnance condition is realized there is a decided decrease 
in datcctor "current". The nucicar gefactor of the isotope being 


studied my then be obtained from the relations 
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v method are the requirerents for a high vacuur throuchout tho 
magne’. "81 agtezn and for a fairly high temperature in the ovene But 18 


also has certain advantaces, amone then — the fact that very 

minute quantities of an isotope aro roquired for MRCOUPE’ ONLI» 
This method has largoly been replaced by the sore accurate 

— resonance spectrometers, but ite usefulness han by no ans 
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(e) Work en Liquide and Solids 


The next Sipmificent adyanee in the technique of |; samurinz 


maghetic momenta came in 1946 wien Purcell, Pound and Torrey‏ ہمہ 
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at Harvard?” and Bloch, Hansen and Paokard at Jtanford ^ sirul'sne- 
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15. Purcell, Ecele, Torrey, Wels, and Found, NY. ihre. Rave 49, 
37 (1946). 
166 Bloch, F., fansen, Wee, دغه‎ Paccard, "ertin. (hys. Reve رك‎ 
127 (1956). 
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cusly and independently developed new resonance techniques requiring 
equipment appreciably mors simple than that used in molecular beam 
methods, A distinct advantages cf thess new methods lies in the fact 
that it frequently is unnecessary to alter the physical or cherical 
form of the sample, thus avoiding many of the experimental difficul- 
ties of the molecular beem methed. In addition to their use in 
nuclear studies these new methods provide a means for investigating 
the establishment of the thermel ecuilibrium essentiel to megnetie 
methods for attaining very low temperatures and for obtaining infor- 
atten concerning crystal structure, phase transitions in solida, 
and hindered internal notíions in solida, 

The basic seri-olassical concept which most readily describes 
the essential phenomena involved in resonance experiments will now 
be discussed in detail. 

Ag previously noted, the nuclear magnetic moment may be 
expressed as ^ 

dt ome br‏ يم 

Results from wave moohanios indicate that the value of lez! is 
٭+ج)×]‎ (2) put thet the maximum projected value which | ار‎ may 
m in the direction of an applied external marnstic field is 

( Ft onan” El A) 
The permitted values of Pri projected nagnitude of fer upon the 
direction of the field, are ۱ 

fr = Mr ES ) 

where My = I, 1-1, I-2,+.+.., -1+1, -I, 


If a magnet of dipole moment kt is placed in a mgnetio field H, 
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there is a torqua L exerted on the dipole given by the expression! 
اد = بآ‎ 
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Since the rate of change Afansular momentum, h , Of a system is 


equal to the applied torque, there results 
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The vector expression for the nuclear magnetic moment is 
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so for 9 nuclear dipole in a magnetic field ome may write 


4h 
a LES لچ واو‎ 


From olessical mechanics we elso have the vector relationship 
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so it way be concluded that if a meleus of magnetic moment vector 
fer? Ar A ےم‎ 13 placed in a magnetic field, the magnetic moment 
vector of the nucieus will precess about the direction of H with 


the angular frequency 
H 


This froquensy of precession is called tho Larnor vreosssion 





frequency. From the last equation it is notsd that io not open- 
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The potential energy U of a mgnetio dipole یئ‎ ina field H 
is Ds ]e][H|] C7 «es 9), where d ig the angle between ¿+ and Ho 
This expression rivos a maximum for U of Aj[j|lH| «nen @& and E 
are antiparallel, Since the nuclear angular romentum veotor may 
assume 21348 orientations with respect to H, with NM, = I, I-1, ..., 
-I+l, =I, there will be in all 2I onersy levels due to melear spin 
orientations, each differing in energy by 


A (fy) max H 
2 
The selection ruler for transitions between the 21+1 possible 
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orientations of the magnetic moment vector is 
aM, SLE IE 
This requires that the muclous emit or absorb 
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in event of change of orientation of spin vector, The frequency 
obtained from this expression is seen to be 
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Using Ww: am ons obtains 
iw = $r 5 mic H, 
which is the absolute value previously found for the Larmor angular 


precession frequency. In other worda, an oncillating electromagnetic 


field of frequency 
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applied to a metleus in the external magnstio Meld H might be 
capable of inducing transitions between adjacent nuclear spin orien- 
‘tation states. In the following four sections there will be dis- 
cussed the four most recent methods developed for applying the above 
principle. 

y All of the four methods depend tipon the Maswell-Roltzmann rela- 
‘tion thet, in any system in thermal esuilibriun, the ratie of the 
populations of stetes with different energies, say 9, and وم؟‎ 6 

W(E) . e روف‎ ۳ 

N (Ez) e "^T 
If this relation 15 applied to the ense of protons in a 0 
field A, the ratio of the populations of the two proton states 
M, 3 +$ and My = 13 soon to be 
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rör terperature T = 500°% and marnetie field strencths available 


in laboratories 55 í5 small, sd the lest equation may be written 
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For & field of 10,000 gauss, Ey = 5.58 for protons, and kT = hor 


erg the lest expression gives 
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W(-4) 
This indicates that for cach million protons in the hisher energy 


state there are one rillion and seven protons in the state 
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with lower energy. Clearly this relationship may be extended to 
nuclei with spin I possibly other than $». The results of the above 
example will be referred to in some of the forthcoming discussions. 

Another important factor in the methods to be discussed is the 
apin ~-lattice relaxation timo T4 for ths nucleus of interest in a 
given liquid or solid. Thermodynamically, a relaxation procese in 
the case of molei is any method of energy exchanre between the sys- 
tem of miclear spins and the lattice. Thus if a sample is placed 
suddenly into a rmpnetic field it is important tiora tho experimenter 
to know how lonz a period of time on the average willeslanse befors 
the equilibrium number of nuclei wi11 be found in the upper and lower 
energy states; T} is employed as a measure of this time and 83 
defined as the length of times required for all except the fraction 
(1/e) of the equilibrium excess number of mclei to reach the lower 
energy state. Relexation mechanisms in fluids heve been investigated 
by Purcell and his "وړ سم‎ as Farvard who have determined that 
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18. Bloemberren, No, Purcell, Eee, and Pound, 11۷۰ Phys. Reve Ls 
679 (1948). 
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Browmien notions at the Larmor frequency are responsible for the 
processes. In liquids 11 ordinarily decreases with increase of 
viscosity. In some cases, however, T, decreases with increasing 
visoosity until a minimum value is reached and after that it increases 


with increase in viscosity. 
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The addition of paramagnetic ions to a sample frequently will 
give a marked decrease in Ti by increasing the local perturbing 


effects upon nuclei of the sample. 


(1) Method of Purcell and Pound 


In the method developed by Purcell, Pound, and Torrey, 18 
nuclear absorption wnbalences san r-f bridge, giving rine to a simal 
in a receiver used an a detector, The senditivity of this method is 
very good, being aa high perhaps as any of the other three methods 
discussed in this section. Purcell has demonstrated that miclear 
resonance with this method cán be observed in e sarple containing 
only 101? atoms. 

In this method a sipnal generator is employed as the r-f 
sigma) source for the bridge. An essential feature of the bridge is 
the reduction effected in the relative magnitude of output fluctua- 
tions erising from arplitude fluctuations in the signal supplied by 
the r-f signal generator. This is done by obtaining & voltase node 
in the bridge output to the amplifier when the bridge is placed in 
balance with the system not adjusted for miclear resonance. Ons 
method to effect this voltage node has been to place an extra half 
wave-length of cable in one arm of the bridge. Another inportant 
feature of this method is the reduction in the ref level at the input 
to the arplifier to permit considerable r-f amplification before 
detection. 

One arm of the bridge contains a tuned circuit having in the 


gap between the pole faces of an electric mapnet a coil into which a 
24 
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sample to be studied can be inserted. In the other arm of the bridge 
is & dumry circuit similar in all respects to the other but not having 
its coil located in the magnetic field. Nuclear resonance absorption 
in the sample causes a change in the balance of the r-f bridge which 
is detected by means of the receiver. When liquids of high dielectric 
constants are being studied a dummy sample is sometimes placed in the 
dummy coil to balance as nearly ao possible the appreciable change in 
stray capacitance resulting from the sample being placed in the coil 
of the other armo 

The strong magnetic field H, is modulated sinusoidally at 0 
cycles per second by auxiliary coils mounted on the pole pieces. 
This modulation is parallel to the main field with peak strength 
never more than 15 seuss. Near resonance the low frequency modula- 
tion of the magnetic field causes the Larmor frequency of miclear 
precession to vary in and out of resonance with the result that reso- 
nance absorption occurs in the arm of the bridge containing the 
sample and the bridge is throw out of balance, The signal so 
produced is amplified and suitably detected. 

An improvement in the above technique has been the elimination 
of the half-wave-lensth cable, which is several meters long and is 
frequently the cause for considerable troublesome instability. 

With properly adjusted equipment operating under suiteble con- 
ditions the sensitivity of this method depends on the width of the 
observed resonance. The natural width of the resonance signal 
depends on tho substance used and in some liquids is less than a 


thousandth of a gauss. This ray cause the homogeneity of the mrap- 


netic field to be a limiting faotor in thə sensitivity. 
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The ref bridge nuclear resomanesc asectrometor is well suited 
for the »bserwallen of shapes and wiidthe of absorption lines in varie 
ous substances. Four much rosongnod &bscrption lines for crotons in 
differant oubetancea which were obtaimec by curecli using ths bridge 
mothed era shown in ligare 2,19 The lins displayed in Figure 2(a) 





19» ۳۵۵۵11, Ske Maiance 197%, ^55 (1986). SO PA 





was obtained from protons in water. This absorption occurred within 
en interval of only 0.2 gauss in a field of 6,940 causa, Üther mub- 
stances containing protons displey an absorption line at the mama 
field strength if tue radio frequency ia the sams, but the line width 
warles greatly with different mabsetanceae The nroton resonanco in 
Lee, shown in Figuro 2(b), 49 actually 20 to 50 timos as wide as the 
line obtained in water. In other erystals the variation in line 
width is even mre striiine and a pronounced cifference in line 
ahapes 4a observed as one pay notice by consraring the various 
absorption lines shown in inia TLmiree 

The variations in line widths and line shapse fini no explerme 
tion from nueleer vroperties but are asexchated with the perturbing 
magnetio fields whioh bave their origins in the immediate surrounde 
ings of a civen hydrogen atom and doend on both the location and 
motion of ite عند امد‎ neichbors, It perhape seers etfarce, Vut 
tha sharpest rusonence lings are obtained from liquids, woes mp lew 
Gules commared to thoas of solids are in a greater state of random 
motione his ramiom therral motion of the molecules oeeurs at a 
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frequency higher than that of the proton!s nuclear precession. It 
has been shown statistically that the very rapidity of this thermal 
motion greatly reduces the porturbing effect from neighboring atoms, 
so that local perturbing effects ed the epplied marmetio field are 
much less than in the case of solid eubstences, ٠ 

In the case of a single erystal of gypsum roférsced- t0 im. 
Figure 2(d), protons in different parts of the molecule have differ- 
ent, more nearly constant local perturbing fields which roughly are 
the same on corresponding” protons in different molecules. This 
results in a broad line with four resonance peaks corresponding to 
four different valuss of field strencth observed, 

In the cass of powdered rypsum & rreater derree of randornsss 
of orientation of molecules within the sample oecurs. The statis- 
tical effect of this (imperfect) randomness is to cause the abaorp- 
tion curve to exhibit now two peeks and to contract somewhat in 
width, as shown in Figure 2(6). 

In ice each proton is surrounded by several equally near 
magnetic neighbors. Also, a certain amount of local motion persista 
in ice well below the freezing point. This combination of more or 
leas equidistant spacing of ragnetio neighbors end of local molecular 
motion causes & further contraction of line width and a line of only 
one peaks; however, this line is ruch lower and broader inan that of 
protons in & water sample, 

The data obtained from nuclear resonance absorption studies 
such Ag the above have yielded some information of the solid state 
not previously obtainable by other methods. For example, with tha 


aid of certain advanced theory using data obtained by these methods 
20 
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it has been possible to detormine not only the dircetions of thse H-li 
lines with respect to the axes of the gypsum crystal, but also, with 
a precision of about 1 per cent, the distance between the two protons 
in the HOH nolecule, '? A-r&y analysis does not yield this inform- 


tion, 
(2) Method of Bloch 


In the Bloch method for detection of muclear magnetic resonance 
there is employed a miclear induction transformer in which the sstab- 
lishment of nuclear resonance causes a chance in coupling between the 
primary and secondary of the transformer and thus a change in “he 
output voltage. This method of miclear induction is based on the 


following principle. er 


20. Bloch, F. Phys. Reve JO, 460 (1946). 
21. Halliday, D. Introductory Nuclear Physios. New York: John Wiley 
& Sons, 1950, pp. 518-520, 

If a sarple of water or paraffin, say, is placed in a strong 
magnetic field H, there will bs a small resultant magnetic moment 
due to the nuclear moments of the protons. The gross external effect 
results entirsly from thoss few protons, about 7 in each 2,000,000 
ata field strength of 10,000 pausa, that represent tre difference 
in population botween the two states evailable to the proton. If 
the strong magnetic field H, is in the z-direction and a weak r-f 
oscillating field of angular frequency w is applied at right anrzles 


29 


00-928] o <> — ص‎ ee — 


tiim d m) 
یمور ید تہ سم دور وب رس اا جرد لک‎ ll, 
unter mu a G eir iine Tm 1 imd ما‎ ۵ 
— pair hiss ha wh simum سضر‎ unten سرد‎ 















2 


— irae eie 6 


— a tas A ome maw E 
ir نه زد‎ DHL Aiai سم ل ودس م چوسم‎ 
DO e a —— —“ 
a a YY i? وم یچو‎ Oe > (lr — ⸗ 
جوم‎ Fee ASR Item Sr حم وسو‎ 

sob 2:0۷ ۹ 














| NORD O E al A سار‎ m 
E TOA TN وک‎ 
DENT جب‎ SE ہے‎ 








gern cred dmm vh vtm سیه توو‎ ye د ام‎ | 
li ¿A a Js A LI SS y N سوب‎ 
— — وه‎ MOS هف مومسم‎ ٣ ھب تہ مر جنر نمی ودبع‎ 
ید‎ ch stem OT Fan e. 
ii ni Dummy NEM ۳ مورد +7 جنا‎ ale? a os 
(+ atten ہے وميه سیپس یہ تو‎ we nm cmd eos له‎ 
Pes sam a dea miegie سج نہ‎ 
exiger dimit مسپلۍ ورپس اا نے الما هه‎ To Man ملسم‎ 
^ 














to H, in the direction of the x-axis with instantaneous magnitude 
riven b 

۱ 4 nm = 8 wa w É P 

then the combined ficlds H, and H, will produoe ragnstic polariza- 
tion in the sample. Thie polarization ray be reprssonted by the 
vector M, the mapnetio moment per unit volume. Bloch has shown 20 
with the aid of certain simplifying assumptions that for a fixed 

N, and a fixed w, (1) the magnitude of M is constent, (2) M rotates 
about Hy at the angular rate W, and (3) N makes a fixed angle O with 


the H, axis. The three componsnts of M are 


My = Mame مم‎ ew I 
pe Mane ah, meade 
mM « Mi eo, 9, 


where (K| = M and the angle O le given by the relation 


سس 


tar Oz Zah) 


Nr being the value of H, at melear resonance. If H,>>H,., since 
ہے‎ 

H 4g not large, © will also be fairly small, Under ths condition 
of nuclear nacnetic resonance, however, H, += Ey, and O becomes 90%, 


Consequently at resenance the components of M become 


M, =M umut, 


Maye M mwi E and 
IT 
a 


From the last equation it is seen that M, = Mecos O, whieh is the 
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time independent part of M, vanishes at resonance. Jince My and My 
do not vanish, however, M is perpendicular to the direction of E, 
and rotates about it at a frequency which io equal to that of the 
larmor precession, This state with © = 90° corresponds to equal 
populations being in eech of the two ensrry levels so that no rasul- 
tant steady moment exists., In the derivation of this Bloch assumed 
that the molei are entirely free with no spin-lattice interaction. 
Singe spin-lattice interaction is not zero in practice, this equal- 
ization with N, = O at resonance is not a completcly accurate pic- 
ture of the cituation existing at that time. 

At the condition of melear mepnetic resonance the component 
of M perpendicular to the direction of H, ínorea&ses rather suddenly 
in magnitude, This component of N rotates with the angular frequency 
(de Ac a result, a variable flux links a pickup coil which has its 
axis in the y-direction. The resultant e,.m.f. induoed in the piciup 
coil is passed to a receiver and measured, 

The operation of this type of nuclear resonance spectrometer 
has been surmerized in the following manner by the developers of 
this technique. 7 

















22. Bloch, Fe, Hanson, WeWe, and Packard, Me Phys. Rov. 70, 479 
(1945). 
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are caused to precess by a driving field II. The precessing momenta 
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induce voltages in a receiver coll, These voltages, which vary in 
amplitude at a 60 cycles per second rate because of the variations 
in field Hos are anpléfied along with stronger constant amplitudes 
Wem lo. The leakage and the varying voltages due to precessing 
miclei are mixed in the detector, the output of which then contains 
pulsating سس ٹا‎ current, tho ateady component due to leakage 
- the variations corresponding to the denireä signal, The d.c. is 
removed by blocking condensers in the سوه ی‎ which 2۱۱۵۹۵۵۵0 the 
giai voltages to a ramitude suitable Cor operation of the cathode 
*J tube," | 

One definitely advantageous feature of this method is ihat it 
efforäs ths opportunity to determine the sim of the menetic moment 
of & nucleus, This method is suited also for the study of line widths 


and shapes, 
(5) Super-regenerative Method 


In the super-resencrative method of detecting miclear resonances 
e supsr--erencrative oscillator is used both to esteblish melear 
resonance and to detect the indused voltage fron it.  Saveral varia- 
tions in experimental arvranrements have boan adopted by differant 
investigators using this method. Roberts” has described one sueh 


OES ان رت وا‎ OE ER RO IRE ee وي وسم سم وسم بپ‎ no 9 Ro s mm O. e am gem Ce lees 








25, Roberts, A. Reve Sci. Imot. 10, 65 (197). 
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arrangement. The epparatue with which the writer obtained his 
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measurements was similar in basic principle to that described by 
Roberts but differed in several details. The principle of operation 
to bs described for the apparatus of this ssction will apply equally 
well to either arrangement., 

The general layout of the apparatus used by the writer is exhib- 
ited schematically in the diagram of Figure 3. The oscillator shown 
in the diagram with connections to a coil in which a test tube hag 
been inserted is actually placed in ita entirety between the pole 
faces of the large magnet. This oscillator is of the super-regener- 
ative types and from that fact this method derives its name. 

In the super-regsnerative method the triode of the super-regen- 
erative oscillator produces self-sustained oscillations, Yor this, 
adequate feed-back from plate to grid is required to supply all the 
losses in the circuit. However, inttead of allowing contimed self- 
sustained oscillaticn, an externally generated modulating signal of 
appropriate strength called the guenth voltage is applied cither to 
the grid or to the plete of the triode. This sinusoidal quench volt- 
age causes the overall gain of the triode to be varied in much a way 
that the self-sustained oscillation of the triode starts and stops 
once during each quench cycle. 

Jetection of muclear magnetic resonance is accomplished in the 
following manner, When the quench voltage varies from a value whish 
prevents oscillation to one which pormits it to begin, the envelope 
of the current in the tank oircuit beginge to increase approximately 
exponentially and, if not inhibited, would reach a saturation value 


eat which feed-back energy would just equal losses. The maximum 
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-anplitude of oscillation reached and the interrated enersy of the 
- .oBoillation -ulse are iunetions of the effeotive Q of the resonant 
| eiíreuit, the feed-bao« sain, and the quench erplitude and frequency. 
^ Whon the oscillator is placed between the pols fagas of a 
` meget and a sample containing tke dasiro? type of nucleun, say 
» pretons is pleced in the inductance coll sf the tunod oirouit, the 
| muolear spin axes of ths protons will preeess in the direction of 
- -the magnatie field at the Larmor frequency. Wien the magnetico field 
 @trength is of such value that the barmor and ths voscilletor fro- 
| quencies are the save, the ref oscillation at the Larsor frequency 
will induce emission or absorption of radiation ty the protons ine 
| volvinc reorientation of their nuclear spin axss in ths marnetic 
fisld, ince at thermal equilibrium in, say, a field o? 10,000 
' نسھي‎ 0 there ara in each 2,000,000 hydrogen atoms acne 7 more protons 
in the lower cnsrey than in the higher energy nuclear Spin olata, 
there will ba a net absorption of ref radiation by the protons, the 
effective resistanse of the tuned otreuit will bs inereased and tiers 
‚will ba e decrease in the rate at which osailiation builds up. Thus 
the integrated pulses will be less under conditions of resonance, a 
feature of the super-regenerative method which ray be detoctod by 
appropriate -et:ods to allow observation of the nucteer resonance. 
Phe quench frequencies employed by the writer in hie zeasurs- 
rents ware of the order of 2 to 10 kilocyclea raving the 07 
periods 100 £o 500 microseconds, The thermal relaxation tine for 


protons in water ab roor 5ec^norBturo hes been men sured 24 and found 
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to be 2,25 + 9,07 seconds. Thug, in the cese of the vetar sample, 
during that period of the quench eycls when the tuned cireuit is 
permitted to cecillate there will bo a very few mors protons raised 
to the bisher energy level than will be lowered to the level cf les- 
ser energy. During the quenched period there will be a tendency for 
thermal equilibrium to be re-sstablighed among nuclei, so when og- 
eillation ig arain initiated more. protons will again bs alevated 
tran. lowered in energy state, This process gives a net absorption 
of, energy from the super-recensrative oscillator for each cycle of 
the quench oscillations. It is this net absorption of energy which 
results in the Q of the circuit being lowered and the detection of - 
zosomenes by the super-regenerutive method. being made possible. 
Another feature of this vcethod which should be noted is that 
ine buiidup of casillation in the super-regenerative oscillator is 
exponesti&l or faster ani, if it starts from residual noise voltage 
in the tank circuit, may possibly cover a significant fraction or 
ell of tne quensh cyels period without reaching saturation. If, 
however, wien the quench cycle commenesa there is in tre tuned eir- 
cuit an external sicnal of the sere frequency, this oscillation will 
build up. from this external simal and either will reach ae larger 
anpli tus iLL in. thes length of time permi*+ted by the queach eyele, 
or elee will reach saturation sooner, Althouch the external signal 
dose not affect the rate of buildup of oscillation, the integrated 
pulse energy will nevertheless be greater, This can possibly be of 
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importance bsoeuss of the following effect. 

At the condition of resonance the nuclear spin axes of the sample 
precess about the direction of tna ا‎ field with the same fre- 
quency as the ref oscillation of the tuned circuit. This precession 
continues during the period when tye’ trtede oscillation is quenched, 
When the quench voltege again reaches o value which allows oscillation 
to be rosunsd, it is possible that an cemef. may be induced in the 
oscillator coil as a result of persiating precession of the vector ): 
as described in the Bloch method, If so induced this o,m.i. will 
alternate at the larmor frequency which, at the resonance condition, 
would provide an external gignal of the correct frequency to cause 
oscillation to start building up immediately in the tuned circuit. 
Being started immediately in this manner causes the oscillation to 
reach a larger amplitude or perhaps to reach saturation sooner than 
would be the case if the oscillation were built up from random noise. 
Thus in the event that the oscillation is built up from an induced 
@oref. duc to nuclear precession, the integrated energy pulse of the 
oscillation will differ from that of non-resonance. 

In either case, whether the Q of the circuit is changed at reso- 
nance or whether the precessing maclei act like a sicnal generator in 
the tuned circuit of the oscillator, the integrated pulse of the r-f 
oseillation will be different from that of the non-resonance condition 
and thus may be detected and miclear resonmnce observed. It 18s en- 
tirely possible that both effects may occur simultaneously in varying 
proportions under usual operating conditions. 


The spectrum of a super-regenerative nuclear ragnetic resonance 
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detector is not a single line spectrum but consista of a central 
resonance signal corresponding to the fiindamental resonance fre- 
quency له‎ and usually one or more pairs of aidebands, These side= 


banda occur at frequencies e و‎ given by 


| 
| Es RENA, 


in which Yu is the frequency of the Acc. Quench voltage and 
kosmos the values of successive onumll intecers, esonance absorpe 
tion ty the sample ceours and under »ropsr tont conditions my be 
detected as thes =armetic ficld passes rough that strength necsa- 
0 to produce Laermer precession of tho muclei at the frequency 
% for each of this limited number cf sidebande. 

۱ The circuit of the Super=regenerative oscilletor used by the 
inier is shown in the diagram: of Figure 4, In this circuit the 
quench frecuency voliace is applied te the grid of the oscillator 
triodes Sertain other investigators 5-5 applied the quench vole 
tage to the plate, This laast arrangement of the quench voltaze at 
ons time was used with the apparatus employed in this worl but was 
abemioned bacause of the hich noise to signal ratio resulting from 
this arrangement, Àn oscillator circuit of thia latter type with 


@ench volinge applied to the plate of tha triode ae used ty 


Roberts” 1s shown in Figure 5. 
(4) Neterodyne Method 


In the heterodyne method a weakly oscillating detector ia modu- 
lated by the nuclear absorption. Such a weakly oscillating 1667 
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is called an autodyne ; in this caos the signal from the autedyne 
beats against en incoming c=¥ signal to produce a heterodyne signal, 
۸ frequently difficult but required condition is thet the le 
tion of the autodyne be extrexely weak, for in this method the 
strength of the resonance signal is found to diminish as that of 
the autodyne cisnal inoronscs, apparently because of saturation of 
the miclear absorption. This saturation evidontly resulte from the 
faot that the total power which can be absorbed by a sample small 
enourh to allow suitable homogeneity of the mapnetic fleld is 
fairly mimite. Por ۷ &toma with spin at temporature 7 whose 
larmor frequency is A and relaxation time و7‎ the power which oan 


be absorbed is 





For a sample of 1 cee. of water at 300% with * at 50 me/sec, A 
will be approximately 107? watta. ? 

The super-regenerative circuit showh in Figure 5 can be adapted 
for use as an sutodyne detector if the quench voltage supply is re- 
moved and the plats voltage properly adjusted. The circuit shown 
in this figure would probably not be as sensitive as a super-repenera- 
tive سوہ‎ > However, improved and more sensitive forma of 


25 
this method have been devised. 
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25. Pound, R.V. Phys. Rev. J2, 527 (1947). 
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Nuclear magnetic resonance may be observed in either of two 
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ways when using the autodyne detector. If the output is viewsd by 
an a-m receiver the absorption curve for a liquid sample appears 
mich the same as that of the absorption line in Figure 2 (a). If 
fam detection is used, the signal has the form of an anoralous 
dispersion curve. This f-m effect results from the oscillator 


being slichtly detuned by miclear resonance effects. 
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III. EXPLRIPENTAL ARRANG CMENT3 


(a) Apparatus 


` The experimental Premio می‎ in pr و‎ the teste des- 
orl bed in this q is indicated in the block dle fro of Firure 3. 
Tha marmst used to produce the strong magnetic field was a double 
yoke ty pe with hich voltage, low current windings and an adjustable 
P". The geo width used in these experiments was approxiratoly 
3/4". Pole pieces of 32" diameter were used in early work, but all 
measurements included in this report were made with 6" pole pieces 
because of the better magnetic field homo-eneity obtainable with the 
larger diameter role 0 The rapnet اسیو‎ wes supplied by an 


electronically controlled current regulator with a olockdrive 


mechanism operating a potentiometer in the control circuit, This 
current rozulator was copable of inercesing cr dscro&sing the vap- 
netic field at a rate of about 2 gauss per minute over a field 
strength range of some 2,000 to 10,000 gauss. Except under un- 
feynrable conditions seeming usually to stem at irregular hours 
from rapid uneven variations in the 110 volt 60 cycle a.c. power 
supplied to the laboratory, the current remlator was capable of 
maintaining the magnet field current constant to about one part in 
thirty thousand, 

The strong magnet field II, waa modulated by a 45 cycles per 
second currént applied to er&ll field modulating coils called “eweep 
coils! one being clamped on each pole piece. The 45 cycle current 
for these windings was supplied by a signal from an audio frequency 
simal gensrator amplified by a push-pull erplifier. This small 
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alternating modulation HL, to tho strong field Ho caused tha reso- 
nanee simal to be repeated periodically at any tima when the reso- 
nAnee frequency happened to be within the lirits corresponding to the 
field range HotH,e The resonance signal was observed usually on an 
osciliscope with its swecp synchronized to the signal genorator pro- 
ducing the 45 c.p.s. field awsop sirnal and was recorded by an Ester- 
line-Ancus recorder. 

The samples used in these experimerts were either saturated 
solutions or coneentrated acids, Approximately one cea. of the 
s&.-ple was placed in a 4" diameter test tube which in turn wes placed 
in the inductance coil of the super-repenereative oscillator tank cir- 
cuit. The oscillator was so located in the magnet pap that the 
sarple would occupy that portion of thea field found by careful tect- 
ing to bs most honmogcnacua . 

The tank circuit of the ogoillator was tuned to a frequency 
somewhere in the range between 1 to 10 megacyoles per seconi, depending 
upon the nuclear g-factor of the unknown reported by molecular bean 
experizenters and the moenetic field strength desired te be used for 
tha experiment, This frequency could, after once being set by appro- 
priate choice of fixed capacitance condensers, bo varied within nar- 
row limits by means of a amall variable condenser in the tank cirouit. 
In most oases the smell variation in oseilleator frequency permitted by 
the tunínr condenser would net cover the frequency renga required for 
comparison of the resonance frequency for the sample of unde termined 
g-Taeter with that of the known eample. This consideration required 
that a second set of fixed capacitance condensers be installed in the 
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pole face oscillator with necessary switching arrangements to permit 
rapid changing between the two frequency ranges. 

The alternating quench voltage applied to the grid of the os- 
cillator triode wes variously set from 2.0 to 9.0 xilocyeles and 
from 1.5 to 3.0 volta. Those and other parameters were varied both 
in attempts to locate the resonance signal and, after the signal was 
found, to obtain a o'arp, accurately measurable signal pattern. Other 
parametors varied for the same purpose were the mametic field modu- 
lation strength, oscillator plate voltage, and the concentration and 
type of cher:ical compound used for the sample. 

The signal from the pole face oscillator was sent through a 
narrow band amplifier tuned to filter out all alternating current 
components except the 45 cycles per second of the magnetic field 
modulation. The output of tha narrow band amplifier was sent both 
to an oscilloscope and to a phase-detector. The output of this latter 
instrument was in turn passed to an Exterline-Angus recorder. 

At resonance, corresponding to the condition 

Mim,‏ ير د يه ركه 

the amplitude of oscillation of tho super-resenerative oscillator 
is altered because of the proviously discussed resonance phanonmenfie 
This anplitude change was observed visually on the oscilloscope trace 
and the time derivative of this change in amplitude of oscillation was 
recorded by the Esterline-Angus recorder from the output of the phase 
detector. 

After resonance was observed and operating parameters were pro- 
perly adjusted to obtain a signal suitable for measuring, the clock= 
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81 ۵ و داوم‎ opereving the potentiometer of tre racnes current 
regulator “wae stopped and the Meli current regulator - allowed 
tb maintain a constant current to tho magnet field 8۰ھ‎ The ogre 
ter of the reeonanse وه یدود و‎ the samplo to be — 4 was 
accurately located by tuning the variable condenser in the pole face 
oselllátsr circuit and then neasurinc the onoillator frequency using 
the heterodyne rr quency mater shown in Figure Je “With the macnet 
current still maintained constant, a sanrls of nom vo باص‎ of mae 
elear refactor was substituted for the unknown in the pole face 


omcillator anl the oscillator frequ 


ot 





ency varied until resomance was 
obtained for this standard sacple. With 7, ani Za denoting ۲۵۵ 
pectively the nuclear gefactora of the nucleus being studied om! the 
micleus ussa for standard, and Y, and 7, denoting their frequencies 
in the dar namestio fiel, 24 was obtained from the relation 

| مو يو‎ Ze 

Several pairs of such readings commonly were obtained and the averages 
of their ràtios was taken as the value for the measurement, | robeble 


errors of sensurocenta were commuted acaordins to customary vrooedures, 
(y) kedulation improvepents 


The ma-notie fiold rodulation for t^e initial períod o? thls 
report was achieved by means ol only a single sweep ooíl clamped on 
one pole visce. It wes wound with about 2900 turns of 32 maure wire 
ema wea sunpiiod wiih 45 cyele voltare ,rodueod by an audio اهدع ذه‎ 
generatsr and emplifler. ژمه وم38‎ ١1 voltace was varied ordinarily 


in tra rare fron to 60 volta as nleesoary to oltain optimum 
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resorancs 0 1 

dá TS e dida cede’ here‏ لی مه مها 
mode using a small induction cold end en asce voltmeter to ascertain‏ 
whether field mdulation was aprreciobly constant ovor the ragion‏ 
Although‏ مهه صص! by the sample in the gap betwoen the pole‏ 14 22 
small coil had a width equal to almost half o? tbe pole face‏ مر 
£e, & dacrease 1n inluocd voltecc of approxinately fifty per cont‏ 


wan noted when tha coil wao held against the senter of the face of 


| the pola píces on which the sweep coil wea counted and fron there 


moved perallel with the mipmet axis to a position against the 
— role face. 

he & ronuit of theac tasts it WAS desided to mount a similar 
0921 on the secon! pole piece and to construct a yust=mull amplifier 
to provide the sweep field power for both colle. The circuit dlagran 
of thio amplifier ias shown in Figure 6. The new coil was overswound 
by a few hundred furne to allow rarcin for proper balancing of the 
tuo coils, After the new amplifier ond sweep coll were installed 
and the sweep field balanced by removing a certain number of 898 
turno from the newer coil, the variation in voltage induced in the 


probe coil ws reduced to Clive por cent جو‎ 163۵. 
(e) Fomogenizing of' the larnetio ۵ 


The preparatory wori attespted by the writer prior to raking 
eny actunl measurements was performed using 5)" diameter pole 
220۵6۵90 Prior to that 1% had been the custom to £111 the test 
wubes with sample solutions To e holight of about two end one-half 
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inches, Utilizing a mintivoly argo amunt of sample in thie mamor 
ordinarily evo a strong romomanes olgnal, but tim center of the roso- 
"noo pat;ern usually waa lacking ix tiw degroe of shargness desired 
for mazisum eocuraey of -enswremenhe و و یہ تت‎ 

It appeared poosible that lae: of dooirably sharp resonance oip- 
nals micnt be at‘ribatebdle in pert to inhomegoneity of the eagnetlo 
field over the volume ocoupiod by the samples To aueck this assump- 
tion, tent rune were made usin- oe-nllcr amounts of the samalo solution. 
Thía procedure immediately -roduced sharper resonance pat.erns, After 
@ number of testa 14 was aeoartained that aeseptable resonance signal 
strongthe usually could be obtained using a depth of liquid in tho tube 
ranging from 1.0 to 1.5 ome Appreciabdly lees than thie amount for many 
nuclides frequently gave an unieolrably weak signal. -xceytions to 
thie lest otstcment were the proton ent the deuteron, both of which 
woro found to givs etrong sirnale fron only a few drops of HAO er DA, 
respcotively, 

In a furtrer ettempt to aehicvo bottor field horepenelty, the 
31" pole picc a wer» rurlacel by -there of 6" dieneter.s Thie change 
aloo produced on Lrprovenent in the sharpness of the resonance pattern 
but earricd with Lt the clight dleadventage of placing a lower limit 
on the aximun field etrength obteinablo,. Miso lirdtation wes incon- 
vonLent upon oocagiono but wao nevor founi to be uneoco^tably rssiric- 
EVO 

In spita o the fact that the G" pelo pleoos geva better resormnce 
patterna it appearad grobably the. an etditiom] improvement in field 
homocensity could be obtained by roeseving o few olight burrs from the 
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pole haga, Marther investigation into peasible causes of field 
inhororeneity also revealed that neither pole face was acceptably 
flat nor were the two faces sufficiently parallel. Te — all. 
except the last of thesa deficianeies each pole face wis carefully 
re-mechined to make it as flat as possible and then was ground and 
polished by hand using emery dust and jowsler's rouge as -finding 
compounds. These efforts syantually produced reasonably flat and 
smooth pols faca aurfacese 

After the pole pieces were reinstalled a test was made to 
determine the most homogeneous part of the magnetic field for sample 
oceupaney. For this check a small probe oscillator was employed 
using a gample of only some five or six drops of water from which 
to obtain proton resonance. Initial resulta indicated that the 
magnetic field even near the center of the pole feces veried as 
much or more than five sauss when the proton probe was moved a half 
inch in practically any direction. The pattern of vaytation ine 
dicated however, that shimminz one side of one of tha pole pieces 
might produce beneficial reesulto. A long process of trial and error 
shirming using thin non=raznetic shims eventually produced a field 
Which varied appreciably less than one zeuss over © region suffi- 
elently larze to accomodate the desired height of liquid in a $" 
dia-cter test tube. 

The deviation of the racnetic field from tru@ homogeneity both 


before and after the remedial efforts deseribed above ia indicated 


in the graphs of Figure 7s 
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(a) Results of Improvenenta 


The resulta obtelned from efforts spent to horosenize the mage 
netio ficld ave well illustrated by differences appoering in the 
"before and after® resonance aipmala traced by the Taterline=Ancue 
recorder. The typioal "bofore" traces of a sharp resonance rattern 
eappeered as en uninterrupted series of slow swings of tho recordor 
pen in altarnate directions. . ronounced heaitationa in the movos 
ments of the pen cocurred in this type of pattern only at each side 
limit of tho recorder paper when the amolitude of the Pesonanos 
siprol exoeadod the raritum eayabllity of the recorders A typical 
pattern of thia type obtained fram Indium} is shown An Piguro Os 
In thie pattern one misht estimate that there are three resonance 
sicnela corresponding to the central oignal and one pair of sides 
band rotonanoes. Wen 80, there ia nothing in the pattern which can 
be chosen as serving to seperate the three theoretically distinct 
ragonance sicnalae 7 

The serise of rnsonance sirnals in thio pattern wouid be seen 
on the oscilloscope in the Sollowine «sequence. Upon reaching tho 
firet resonanee band the small fluctuations of the oscllloseope 
caused by randon noise would be replaced by a steady buildup to a 
sustained peal: of large amplitudo followad rresently by a steady 
decrease to a sustained valley of similar arclitucee. This peak- 
valley would be twice ropsated by the sicnal recorded in Figure Gs 
The traoe on the »acilloscope iñ movinr from valley to peak and 
vieceveroa would do so without ary oicnifieant hesitation ao tho 


trace crossed the horizontal ariu. At tha conclusion o” tia signal 
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the oscilloscope would ezain displey rarlom noioa effects. 

A different resonance vettern representative of the wharg 

١ 

“after tyne is shown in Firura’9. In this pattern obtained from 
Ohlorina^! it may be seen that the central resonance signal is " 
clearly seperated from each of the two signals of the en ¡ee 
pair which are in evidence. This seperation appeared on the دوم‎ 
cilloscopa ad a return of random noise fluctuations for a verted of 
approximately one and a half zinutes between the separates resonance 
Signals, It may also bs noticed that the width of each signal is 
narrower, a feature surely attributable to better field home 
geneity. 

Another - new faatura which has not yet been adequately e:plsined 
is the following phenomenon to be seen in Figure Y. Choerving the | 
direction of the initial excuraions of the recorder pen in sach of 
the thres se»varate resonance sirnals one rotites in ihe rirht hand 
signal that the first excürsion is toward the top of ths papers that 
of the central signel is toward the bottom, while that of tho left- 
hand sirnal in again upward. This alternation of direction of intial 
swings of the recorder pen is not confine merely to first order side- 
bandó but nhas been noticed in all side band resonance signals ob- 
served since the fiëld homogeneity was improved, 

It will be recalled that tha Isterline-ångus recorder receives 
its input from tha supser-repsnerative oscilletor through a narrow 
band explifizr end a phese detector. No conclusion has yet been 
reachod why the resonance aicnal ao detected by this errangewent 


should baheave in the above manner. Studies, however, are being 
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` A definite advantara in one phase 02 raking frequency =Meuro- 
mea on rosonance signals acerued from the wit en the pole pieces, 
In tha older type of pa tern one wan foreed to chosue the point 4N 
the pattern representing the center of aymmetry. It cen ba naen in 
Figure & thet only the point indicated by i sntisíics this comite 
tions For an accurato meamurenent to be obtained it was osenntial 







that the nwinr of the pun across the region of the paper pear the 
X occur without any hesitations Unfortunately, in practice this 
condition ie difficult $^ obtain. 

Vith the newer rewenance pat orn in wüien oach sile band ro- 
sonanoo nicnol waS8 clonrly distinpulesbable it wao discovered to be 
possible to shift to & sharp side bend if the central resomance sige 
mal happened not to be sharpe ving shiftoü toa side band to obe 
tein frequency meesuremente one tren only ll to apply the correction 

pre Van 
to the observed side band resenanes frequemer مد‎ to obtedn the dee 
sired tut unbscrved central resonance frequecoy 27. Tho relation 
eurinyad far this purpose i9 
Ge Wes 

in which mv, the order of the side band, is civen the appropriate 
ہی کو ار وا‎ 54۰ | 

keacavremsrts ottLained fron gida banda were in no mumer lesa 
accurete tian ose ebtainel from the central resoráarnge signal. 

Alioui moet nuclei onldne exhibited mre trar two w bree 
mits of atde bhanda żin a meonumen matern, ot less! Ven suo pairs 
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IV, EXP RIKINTAL RISULT3 


The measurements to be described in this csction were obtalnod 
by comparing in the same ragnetio 216104 the resonanees frequency of 
each un:nown with that of a <nown sacple used as a stamlari. The 
magnetic moment of the urınswun sample was then obtained rrem the 
relation 
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In each case the ratio ) هم نی‎ / Y bim) has been obtained fron 
recent results published by other investirators. The value used for 
the g-factor of tha proton was 
Ep ®" 5.50536 2 0.00012, 

obtained from the value /4 = (2.79268 + 0.00006) Mr»? 

The probable error indicated in pre table for the ratio 
(" anknown/^etandard ) 18 a measure of the intornal consisteney of 
the data, “ines the existence 2ه‎ systemtile errors a6 large a8 ons 
part in twenty thousand can not be excluded, the probable error of 
the regaló moment has heen commited using tha eystomatás error if 
that error excecded tha probable error of the ratio 
(Y وی‎ standard) 

The results here have not been corrected for diarmenstie effects 
of the extraemelear slectrons nor for the slight paramagnetic cfreet 
of a magnetic catalyst in those eases in whioh it io indicated that 


such a catalyst was used. 
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(a) Indium’? 27 


The measurement of the ne pun moment d یک‎ yas 
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obtained from ons CeCe Of a — solution of In(105), in 504 
IOs to which had been added a — amount of ¥in( NOx) 9 098 a catalyst. 
The stendard used for تسا بعجورری‎ 3015 in one Gece. of a saturated 
solution of 30915. The value for the ratio 


T, PE 
= = 0.242939 21 137 
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is that due to "unten, ^^ The date pertaining to this reasurerert 








26% Euuten, .۰ه‎ Iia. Rave [Gy 806 (1950). 














Table Ta 
Data for Indium 
iie r 4 115 
Unimown Nuc lide Indium 
7tenmdard io11de :eandium ^ 
MNS + 
22 
ده يه‎ 0.902292 - 0.00005 
Y 3 
كت‎ 0.242939 2 0.000003 
^y / 
T 
ماك‎ 6.219202 £ 0.000012 
پر‎ 
gri (1nH5) 1.22452 È 0.00012 
/^ (1015) (5.50955 + 0.00015) 


are summarized in Table l. 
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(b) Ohlorine? 


The measurerent of the nuolear mgnetio moment of 0101 presented 
in Table 2 was obtained usinz & saturated solution of ap roximately 
هلاه‎ 640, of LiOl to which hed been added a small amowt of 0315 مد‎ 
a "Aagnetic catalyst. The deuteron resonance frequency used as 2 stend- 


ard wes obtainsd from a one GeCe sample cf B50, The valus of the ratio 





Table 2. 


Data for Chlorine”! 








Unicnown ¡uclide Ohlorine?! 
Standard Nuo lide Deuteron 
3^, 537 
کے‎ 00531632 £ 0.000036 
pr 
sn. ہی عم‎ 
——— ېی‎ 0 F 3 ^06 
ہین‎ 722 
24 53 
n 0۰0816657 £ 0,000005 
MN? 
gy (0121) 0.455048 $ 0.000052 
(OP!) 0.683722 - 6 
— — —— ne 
Y, سه‎ 
=, « 0.155506 is taken as being accurate to six aignificant 
figuress T 








د رت و و Do mud sd‏ 





— — 





27. ?maller, D., Yasnitig, Foe, end Anderson, Mel. "hys. Rewe DO, 
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(e) موی‎ 


The measurement for سك‎ sumzerized in Table 5 was obtained using 
acproximtely ons cece of concentrated Oz. rb in 6 0۲0 CeCe 
saturated solution of AbCl was used as the standard, The ratio 
) قم‎ Ly ) was obtained from results by Yasaitis and Smaller in 


which the ratio ws given así 
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20. Yenaítis, Ue, end Jualler, Be Fhyge Reve 32, 750 (1951). 











Table پر‎ 
eta for i trogen! 
J 
Unknown "uc lide Nitrogen? 
Standard "uclide 14د‎ 
ہہ“‎ f 
——— 0.746425 2 0.000019 
TRl S 
ELIT 0,026552 7 O.0000001 
Vy’! 
سے‎ 0.072262 # 0.000002 
uy 
gi C07) 0,5561 X 0.00002 
^r Qi) 0.40361 2 0.00002 
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Ve D130 ها‎ NZGULTS 


During the tims which has ciapsed sinee the massurenents Listed 
in Seotion IV. were obtained, another member of ihe laboratory, Dr. 
Yu Ting, hae obtalnad Daey of the nuclear marnetic rementa 
o? both or” end int 5, In the measurement of O1^7 the standard uned 
vas 01 in the same sample, In the case of m, 19*12 was used as 
a standard. The In?!) was contained in enriched proportions in a 
sample supp سه‎ on lane by the U,5, Atomic Znevpy 0002 805:091 The 
resulta tabulate in Whips 4 and 5 80 the results obtained both 
by Dr. Ting and hy hie — In ad addition there are linted in 
Table 4 for tha purpose of later discussion the ex-crimsntal values 
of the quadrupole moments for the various mialides as well an the 
nuclear racnetic vonents of 14155 end 7ہی‎ obtained by the atorde 
beam method. 

It will be noticed in Table trat tha atonic benm values of 
the nesnetio ronerts ef both isotopes òf Indiuri are lese than the 
values obtained by rarmatio resonance methods, These ciffersnoes 
are much too large to be eccounted for within the probable errors of 


the excerivents, 3Jimilar discrepancias have heen nota 790) 51 Lor 
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institution. 
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Table 5. 
Comparison of Results with Those Obtained Zlsewhere 
Nuc lide pex (Vas. Rene سد‎ (Proctor end Yu? 9 
from Table 4.) 

0122 (0.620896 + 0.000050)™,, 0.8211 + 0.0001) MW. 
cpt 0.683722 + 0,000048 0,6555 + 0.0001 

Ini 5.40507 * 0.00020 54972 + 0,0010 
In115 5.50945 * 0.00015 545028 £ 0.0010 

y 0.403612 & 0.00002 0.40369 + 0.00006 
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Foley? has investinotod a gurrestion by Townes that partial 
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Line of the L eni 3 vectors in the AP} atete in the applied‏ چس 
field of the — bear —⸗ might affect the hyperfine‏ د د سي 
interaction in auch a way thet the muclear moment appears to be‏ 
altered. The results obtained by Foley and his co-worcers using a‏ 
u one-electron weve funcilon in developing an expres-‏ 
eion for the energy perturbation of the magnetic levels of tho °P,‏ 
stata hays indicated that ths effect does not quite acecunt for the‏ 
entire discrepancy observed. Foley has further pointed out iat the‏ 
ground states of such atoms as calliur, indium and thallium ere sub-‏ 
ject to configuration interaction mixing with somo oxeited staten of‏ 
the cutor tree slectrons, which affects strongly the hyperfine split-‏ 
tinge of the “Pz Jo states, This fact might nossibly account for‏ 

the revcinin- discrepancy, 

The valuma of tho renults obtained by the writer and also those 
by Dr. Ting as listed in Table 5 are ssen to agree with those ote 
tained by Proctor and Yu at Jtanford within one digit at the fourth 
sicnifiosent figure within tho limits of probable errors. ‘esults 


obtained by other investigators gensrally come within limite as 


close or smaller then this. 
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(a) Shell Theory 


The statement was made in 3ection I that no theory at present 
is sapable of predicting magmatice roments of miclidos havine non-zero 


Spine There is a model of the meleus due Lo e 5 however, 
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wien atts=rts $5 explain molsar »esnstía moments by assuring LaS 
the miciear svin I in en edd-even or eveneodd miclous results trom 

the motion of the one unraired meleon. The mam of the orbital and 
spin anmilar mementa of 211 other ruslear perticiss ia semimed to be 


zero. For this mndel we heave 
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where g; aná gy are pyromegnctio ratios with values 
E, * 2 - 
Ea = gp =1 
if tre odd partielée is & proton, or 
8: = O x and 
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if the odd particle is a noutron. Since by assunption only the 

miya rod particle contributes to the mélad? spin i, the result rust 
follow thet See or Seah, go that Lea lI+& must have either 
the valus LI *i4 or Lel-e1, Further, the parity of the state 
of the rucleus mat be either odd or even, but camnot bo both, so the 
orbítal angular romantun Q of the unpeired nucleon rust be either 
Ral + 2 or Lei» 4. fith thess assumptions 1t is possible to 


derive the Schmidt equations’! in the following forme: 
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Mei 1 + 2029 oid proton 1 = (+35, 
L 
ېه یا‎ 
سه/‎ © - odd proton, 1 5 leĝ, 
I Lt) 
Meg = 1.91 odd neutron, I = + j, and 
fe, n Giz odd neutron, I =L -$s 
Let 


3inee the assumptions require that I = Li}, tie Schmidt 
equations tims will yield two values for the pradicted , of any 
particular nuclide. It is found in practice that miclear masnetic 
moments observed to date will, with only a few exceptions, lie between 
tha two values yielded by these equations. [hogs observed values 
whieh are exceptions fall outside of these limits only by oonpara- 


tively small amounts. 
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Unfortunately, the differences beiwsen the two Johmidt limits 
oxtenis over rangas coverinr” differences from two to four moloar 
mapnetons. Thin lack of preciseness seriously lirites the usefulness 
of the theory. 

By adopting soma of? the results contained in the theory of 
closed shells in molei os proposed by T and others it is 
possible to limit the oheice of A for the odë partiele to only ona 
value, Uy this theory it ir fount thet 2 «2 for both ôr” ani or; 
för In) and In, Led, 

The two values of the ت29 ظ3‎ magnetic momenta predioted by tho 
Sehridt equations for 0175.m4 017, for Inll and Inll?, ena for mi" 
together with the observed values are listed in Table 6. ‘he values 
obtained by using the melear shell theory results for A with the 
appropriate 2 equation to obtain a single value for each pg aro 
indicated by anteriske. 

The examples in Table 6 are too limited in number to indicate 
the proper degree of merit which should be attached to the above 
method of attempting to predict valusa of / ۰ That this procedure 
leaves ruch to be desired would be seen, however, if ons were to , 
consider the cases which should be predicted most accurately. These 
eases consist of nuclides With en even number of neutrons and ons 
more proton than the mamber required to complete the filling of a 
ahell, It would seem in these cases that fairly close arreerent 
should be obtained between theory and experinent, for the filled 
"“sore*® of protons should be spherically symmetric and the rarnetio 


momant should be due only to the one additional proton. Put even 
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Table 6. 
Predictions of A, From Schmidt Equations and Shell Theory 


Nuelide Spin 1 Pu (Schmidt Model) Ay(Cbserved) Diff. 

(Shell Theory) Lower Higher ۱ 
۱70122 2 2 0,126 9 0.820896 «0.695 
pel ^ 2 2 0.126" 9 0.68372 0.458 
yor? 9/2 ۸ 2.60 6.79 5.510507 8 
و‎ 9/2 A 2.60 6.79* 5 50045 +1.28 
,;" 1 (- - - -Not Applicable- - -) 0.40361 


* indicates value obtained using L from meclear shell theory. 
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in theee cases the predictions are found to be no more accurate than 
those in many cases less Severe ben?” 

In!’ and int), two of the isotopes represented in Table 6, 
belong to a class of isotopes having identical spins but having 
N =å -Z differing by two, where N ie the number of neutrons in the 
nuclide, Frequently, pairs or triplets of isotopes of this type have 
almost idsntical magnetic moments. Examples of thsse are لي‎ and 
Ag109; 0852, 09122, and وا لون‎ 11905 and رم‎ and In! ana In!D, 
This indicates that the protons, which according to Sehmidt theory 
are responsible for the magnetio moments of all of these even-neutron 
maclei, do not have their arrancemant very greatly disturbed when two 

115 


more neutrons are added to the nucleus, In!’ and In alco have 
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very similar quadrupole moments and isomeric levels. 
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(b) Relationships Between p and Q ےے‎ 
For nuclei containing closed proton shelle plus or mirus ons, 
the nuclear shell model not only predicts the sign of the quad: 
moment, but if the state of this odd proton can be ascertained fron 





the ruclesr spin emi the magnetic moment, it le possible to arrive 
at a fairly good value for the quadrupole momente” O The meolear shell 
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56. Townes, Celle, Foley, Helle, and Low, We iXyse neve 76, 15 (1949). 
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— 
medel alse leeds to other less quantitative conclusions concerning 
Guacrupole morentSe 

Townes and his واه‎ > Leve proposed a oluple rodel of 
the mieleus bascá on nuolsar shell considsretions which leads to 
the proper behavior oZ known quadrupola 20:21:53 tut leeves the pro- 
dictions of some of their magnitudes approoclably in error, This 
model is characterized by the 2117: 

l. Neutrons ani protona fis into single particle levels in a 
schers similar to those proposed for correlating spina, ting pro- 
ducing what may be called proton and neutron shells. 

2e Proton and neutron skella tend to bse oriented or poleriaed 
to allow maximum oyorlap between proton and neutron distributionas. 

Thig model ia stated by its originatora to lead to the follow. 
inc conclusions: 

Ae For an odd-proton mucleus, the quadrupole moment ia 
prirsrily dependent on tho musber of protons P and can be written 


So — pP) in whieh ۰ ía elwoys positive irrediately before, 
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and always negative immadiately after o shall is filled. 

De For an odd-neutron mioleus, ths regnitude of the quadrupole 
moment depends on the mmber of protons, but its sign is determined 
by ho mmber of neutrona, N, being given by (&y(N)/ JU). in 
this expression %,(N) is the eleotrie quadrupele moment whieh would 
bs prodused if they ware protonde Q (i) is very nearly the sane 
function as Qy(M)e 

For oddeodd nuclei, estimation of quadrupole moments is rore‏ ول 
complex and depenis on the way in whieh the angular momenta of the‏ 
odd neutron and odd proton add. if these moments aro essentially‏ 
parallel, the quadrupolo moment should be of the 0874 sign anl approx‏ 
imately the sare magnitudo as for a similar odd=-proton micleuns, If‏ 
the neutron and preton angular momenta ere not sasentially parallel,‏ 
the quadrupole moment ragnitude should be considerably reduced.‏ 

Generally it may be said that the muclear shell model does not 
give correct values of Ge This is in contrast to the mielear rmegnotío 
moments, for whieh an appropriate admixture of states of one mie leon 
can account for the magnetic moment of the nucleus, although this 
procedure coas not appear very plausible by even the peosntly Known 
facts about the meles, Larre quadrupole morents derand arn appre- 
ciable contribution from the protens which, according to the shell 
model, ara in closed shella, For this contribution to be realized, 
it appears that angular romentur would have to be shared between 
the protons of the ineerplete ami of the filled shalle. This polar- 
ization and the large asymmetry of distribution of mieleons is not 


entircly compatible with the single-particle central field ocnospt 
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wich forms the foundation of shell theorys^^ 

Henos ib may bo said that there 4s no woll understood rolation~ 
ohip between ¿4 and Qe Soth are dependent upon spin, eni both are 
functions of the number of protons and neutrons in a mucous. Po 
dete no theory has been guccessful in establishing any inportant 
rslstionskip Leimen these two quantities. 
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